Laforin catalyses glycogen dephosphorylation. Mutations in its gene result in Lafora disease, a fatal progressive myoclonus epilepsy, the hallmark being water-insoluble, hyperphosphorylated carbohydrate inclusions called Lafora bodies. Human laforin consists of an N-terminal carbohydrate-binding module (CBM) from family CBM20 and a C-terminal dual-specificity phosphatase domain. Laforin is conserved in all vertebrates, some basal metazoans and a small group of protozoans. The present in silico study defines the evolutionary relationships among the CBM20s of laforin with an emphasis on newly identified laforin orthologues. The study reveals putative laforin orthologues in Trichinella, a parasitic nematode, and identifies two sequence inserts in the CBM20 of laforin from parasitic coccidia. Finally, we identify that the putative laforin orthologues from some protozoa and algae possess more than one CBM20.
Of all SBD/CBM families, the CBM20 family was the first established SBD family and it has also been extensively studied [1, 6, 19] . Among starch hydrolases and related enzymes classified in CAZy as glycoside hydrolase (GH) families, the CBM20 family is found associated with several activities. There are CBM20 domains within the a-amylase family GH13 (a-amylases, maltooligosaccharide-producing amylases and cyclodextrin glucanotransferases), GH14 b-amylases and GH15 glucoamylases, 4-a-glucanotransferases (DPE2) from GH77 and even in families GH31 (6-aglucosyltransferase) and GH57 (putative amylopullulanase) [1] . Several CBM20 consensus residues were identified by sequence alignment [20] , most of which have later been confirmed experimentally as crucial for activity (for reviews, see [1, 6] ). In general, the SBDs from the CBM20 family consist of approximately 100 amino acid residues; its secondary structure being formed by two main antiparallel b-sheets that adopt a b-sandwich fold with two binding sites [21] [22] [23] .
In addition to typical microbial amylases, the unambiguous sequence features of SBDs from the CBM20 family have been revealed in non-amylolytic enzymes and proteins mostly of animal origin, such as the glucan phosphatase laforin [24] and the glycogen-binding protein genethonin-1 [25] . The CBM20 is positioned C-terminally in most amylolytic enzymes and in the glycogen-associated protein genethonin-1 (also known as SBD1). Conversely, the laforin CBM20 is located at the N-terminus [26] [27] [28] .
The present study is focused on laforin and, in particular, on its CBM20 evolution. Human laforin is a bimodular protein consisting of CBM20 followed by a dual-specificity phosphatase (DSP) catalytic domain [29] . Laforin is encoded by the EPM2A gene. Mutations in EPM2A cause a progressive myoclonus epilepsy [30, 31] called Lafora disease (LD) [32] , which is a fatal, autosomal recessive, neurodegenerative form of epilepsy and a glycogen storage disease [33] . Laforin dephosphorylates glycogen in vitro and in vivo [34] [35] [36] [37] . Additionally, laforin has been proposed to perform other functions via direct and/or indirect interactions with binding partners [29] . It has been shown in vitro that laforin forms a complex with the E3 ubiquitin ligase malin and assists with malin-directed ubiquitination of proteins associated in glycogen metabolism [29] . In the absence of the main enzymatic function of laforin, that is, the a-glucan monophosphate hydrolasing activity [29, 34, 35] , the glucose chains within glycogen become longer, hyperphosphorylated and water-insoluble forming what is called a Lafora body (LB). Thus, laforin often is thought to prevent the formation of LBs by dephosphorylating glycogen moieties. Work from the Guinovart lab has demonstrated that the LBs are responsible for the onset and development of LD [38] [39] [40] [41] . A recent study suggests that glycogen phosphorylation is not important for LB formation, but rather abnormal chain length of glycogen; however, this area of research is currently under debate and investigation [42] . In any case, the CBM20 is indispensable for laforin's function since it targets the enzyme to its substrate, that is, glycogen [43, 44] .
The recently determined three-dimensional structure of human laforin [45] has revealed a unique quaternary structure of two laforin molecules forming an antiparallel dimer and yielding tetramodular CBM-DSP-DSP-CBM structure [46] . Laforin was co-crystallized in the presence of maltohexaose, an a-linked malto-oligosaccharide consisting of six glucosyl moieties. The structure shows a complex with maltohexaose bound not only to catalytic domain, but also to CBM20 and confirmed the crucial role of CBM20-binding residues -Trp32, Lys87 and Trp99 [41] . These residues correspond to conserved CBM20 residues responsible for a-glucan binding in the SBD counterparts from amylolytic enzymes [1, 6, [21] [22] [23] .
Previous work demonstrated that laforin is conserved in all vertebrates, it also has an ancient and unique evolutionary lineage [26, 29] . Its evolution is attractive due to the two following observations: (a) genomes of most non-vertebrate organisms, such as yeast, fly and worm, that is, eukaryotic model organisms, lack the gene coding for laforin, whereas (b) laforin has been identified in two basal metazoans (Branchiostoma floridae and Nematostella vectensis) and even five protozoans (Cyanidioschyzon merolae, Toxoplasma gondii, Eimeria tenella, Tetrahymena thermophila and Paramecium tetraurelia) [47] [48] [49] . To define the evolutionary history of laforin, we performed an in silico study focused especially on its non-catalytic CBM20 domain. Searching recently sequenced genomes enabled us to identify new putative laforin orthologues in additional taxonomical species and to describe unique domain arrangement and evolution of their CBM20s.
Materials and methods

Selection of sequences
In the first step, the sequence of human laforin [30] was used as the query in the protein BLAST search ( [50] ; http://blast.ncbi.nlm.nih.gov/) yielding (a) four representative laforin orthologues from various vertebrates; (b) ten putative orthologues from phyla Cephalochordata, Cnidaria, Chromerida and Nematoda; and (c) five protist laforin orthologues from Cyanidioschyzon merolae, Toxoplasma gondii, Eimeria tenella, Tetrahymena thermophila and Paramecium tetraurelia recognized previously [47] . Based on BLAST searches with each individual laforin sequence, these 20 sequences were completed by 12 additional putative laforin orthologues from different protozoans (Table 1) . Only sequences containing both catalytic (DSP) and binding (CBM20) domains with simultaneously at least one full-length CBM20 version were taken into the analysis. All sequences were retrieved from GenBank [51] and UniProt [52] databases.
To confirm the domain arrangement seen in human laforin [45] , a verifying BLAST search was performed using laforin's CBM20 sequence [30] as the query against the relevant taxa, such as Metazoa, Cnidaria, Chromerida, Nematoda, Algae, Ciliophora and Apicomplexa.
Comparison of CBM20 sequences
The sequence alignment of all CBM20s was performed using Clustal-X [53] . The computer-produced alignment was manually adjusted with regard to the knowledge on (a) positions of functionally important residues responsible for carbohydrate binding in the family CBM20 [1, 20] ; (b) previous alignment of five protozoan laforin orthologues [47] ; (c) tertiary structure of laforin from Homo sapiens solved as a complex with maltohexaose [45] ; (iv) mutations affecting the function of CBM20 in laforin [45, 54] and (v) structural features of full-length CBM20s from putative laforin orthologues obtained by homology modelling server Phyre2 ( [55] ; http://www.sbg.bio.ic.ac. uk/phyre2/). The alignment was finalized also by considering the Phyre2 [55] modelled structure of two inserts within CBM20s from parasitic coccidia Toxoplasma gondii (Ala75-Leu198 and Gly215-Pro272) and Eimeria tenella (Gly76-Leu54 and Pro171-Asn214).
Boundaries for all individual recognized CBM20s were defined according to previous bioinformatics and structural studies [1, 4, 45, 47] , BLAST searches [50] , homology modelling trials using the Phyre2 server [55] and information available in the Pfam database [56] .
An alignment of DSPs was also performed using Clustal-X [53] ; the computer output being used for subsequent evolutionary analysis without further manual adjustment.
Evolutionary analysis
The evolutionary trees of all 41 identified CBM20 copies present in 32 collected laforin sequences as well as of their DSP domains (Table 1) were calculated from the two final alignments including all gaps as a Phylip-tree type using the neighbour-joining clustering [57] and the bootstrapping procedure with 1000 bootstrap trials [58] implemented in the Clustal-X package [53] . Both trees were displayed with the program iTOL ( [59] ; http://itol.embl.de/).
Results and discussion
Identification of novel laforin orthologues
This study defines a detailed in silico analysis of laforin focused on a unique evolution of its CBM20 domain, which in some cases was found to be present in two or even three copies.
It is of interest that the presence of laforin was first identified in vertebrates and immediately linked to LD [30, 31] . Subsequent work identified a laforin orthologue in Toxoplasma gondii and hypothesized that laforin was present in the genome due to the organisms accumulation of amylopectin [47, 60, 61] . In any case, laforin is absent in the genomes of bacteria and Archaea. In addition to Toxoplasma gondii, laforin has been found in four other protozoans, that is, Cyanidioschyzon merolae, Eimeria tenella, Tetrahymena thermophila and Paramecium tetraurelia [47] and later even in two bazal-metazoan non-vertebrates Branchiostoma floridae and Nematostella vectensis [48] . With regard to the five protists mentioned above, they produce an insoluble glucan as a source of energy during hibernation, to which they undergo at some stage of their life cycle [60, 61] . Since the glucans are proposed to be biochemically similar to LBs, it was hypothesized [47] that protists can use their laforin for converting the insoluble glucans into energy, whereas the main role of the laforin in vertebrates is rather to prevent the accumulation of the insoluble glucan in the form of LBs. Based on these assumptions, laforin has correctly been expected also in other protozoans, such as Neospora caninum and Guillardia theta [47] .
The present study extends the spectrum of organisms possessing the laforin gene in their genomes by identifying putative laforin orthologues in two additional protozoans -Oxytrichia trifallax and Stylonychia lemnae, one red alga -Chondrus crispus, and seven coccidians -six representatives of the genus Eimeria and Hammondia hammondi (Table 1) . Laforin from the red alga Cyanidioschyzon merolae [62] was considered as one of the most ancient sequences [47] , but, remarkably, we identified a putative laforin in the genome of an additional evolutionarily ancient algathe flagellate Guillardia theta [63] . Uniquely, the Guillardia theta laforin possesses three CBM20 copies at its N-terminus (Table 1) . It was previously proposed that typical non-vertebrate organisms, such as insect and worms as well as yeast lack laforin [47] , but we have identified putative laforin orthologues in six representatives of parasitic nematodes from the genus Trichinella (Table 1) . and amphibians; all in green); (b) non-vertebrates represented by phyla Cephalochordata (walnut), Cnidaria (cyan), Chromerida (orange) and Nematoda (magenta); (c) red and cryptomonad algae (blue); and (iv) protozoans represented by phyla Ciliophora (gold) and Apicomplexa (red). GenBank [51] and UniProt [52] are the accession numbers of sequences from the two databases (if available). Source indicates the way how the sequence was found; BLAST followed by a UniProt accession number means that a sequence was found in the BLAST search using the UniProt's sequence as a query. Length is the number of amino acid residues in the protein. The three columns with 'copies' show the boundaries of CBM20 that may be present in more copies within a single laforin's sequence. The last column 'DSP' indicates the boundaries of the catalytic DSP domain.
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It should be noted that all laforin orthologues to date contain a CBM20 followed by a DSP domain [26, [29] [30] [31] 45] . The plant proteome includes the Starch EXcess4 (SEX4) protein that contains a DSP domain followed by a CBM48, similar domains to laforin but in the opposite orientation [15, 64] . To determine whether laforin orthologues with a different domain arrangement than that of human laforin, that is, a DSP domain followed by a C-terminal CBM20, could be detected, we performed BLAST searches using only the laforin CBM20 sequence as query against Metazoa, Cnidaria, Chromerida, Nematoda, Algae, Ciliophora and Apicomplexa. We did not identify any proteins containing a DSP domain followed by CBM20. Additionally, we previously analysed the CBM20 and CBM48 families, including those from SEX4 and laforin, and found that the laforin CBM20s were located in the CBM20 branch and all laforin CBM20s clustered together [1] . Thus, all putative laforin orthologues should have the same domain arrangement as that found in the human laforin with the CBM20 positioned N-terminally.
Domain arrangement
The arrangement of two fundamental domains of laforin, that is, the N-terminal CBM20-binding domain and the C-terminal DSP catalytic domain, can be best illustrated by human laforin (Fig. 1) . The laforin CBM20 is always positioned N-terminal to the DSP catalytic domain in all identified laforin orthologues ( Fig. 1) . Although in some laforin orthologues, such as Tetrahymena thermophila and Toxoplasma gondii, the DSP domain does not correspond exactly to the C-terminus of the protein (Fig. 1) . As far as the CBM20 is concerned, it preceded the catalytic domain in all cases from the studied set (Table 1) . Our analysis of the laforin CBM20 domains revealed three remarkable facts: (a) in the group of protozoans covering ciliophores, red algae, and a flagellate, the CBM20 was found in two or even in three copies; (b) the N-terminal portion of protozoan laforin orthologues include up to 257 additional amino acids that may include currently unrecognized domains and (c) in the group of parasitic coccidian, represented by Toxoplasma gondii, the CBM20 was identified to consist of three segments due to the presence of two amino acid inserts (Fig. 1) . Conversely, the putative laforin orthologues from the newly recognized group of parasitic nematodes ( Fig. 1) represented by Trichinella spiralis [65] share the basic two-domain arrangement seen in the human laforin and its vertebrate orthologues [47] [48] [49] (Fig. 1 ).
The laforin orthologues from the red alga Cyanidioschyzon merolae and protozoans Paramecium tetraurelia and Stylonychia lemnae contain two CBM20s. Additionally, these three orthologues contain longer N-terminal amino acid regions preceding the recognized CBM20s, where an additional domain could be present (Fig. 1) . Although currently no putative conserved domain has been identified in this region, these regions could contain undefined domains. Conversely, the first CBM20 copy of the putative laforin from Stylonychia lemnae [66] is very short (~50 residues) and most probably has lost its carbohydrate-binding function, whereas the second CBM20 in S. lemnae is of the expected size (Fig. 1) .
Remarkably, in the group of parasitic coccidia represented by the Toxoplasma gondii laforin [47] , the CBM20 is interrupted by two inserts (Fig. 1) . The inserts could be a consequence of duplications within this domain or a transcribed intron that had not been spliced during evolution. Further investigation is necessary to define how this CBM20 folds to perform its binding function.
Sequence comparison
The amino acid sequence alignment of all 41 CBM20s originated from 32 collected laforin orthologues -both experimentally confirmed and putative ones (Table 1) -is shown in Figure 2 . It is of note that laforin orthologues from Cyanidioschyzon merolae, Paramecium tetraurelia, Tetrahymena thermophila, Oxytrichia trifallax and Stylonychia lemnae contain two copies of CBM20, whereas those from Chondrus crispus and Guillardia theta possess three.
The recently determined three-dimensional structure of human laforin in complex with maltohexaose [45] revealed the amino acids crucial for glucan binding, being Trp32, Lys87 and Trp99 (Homo sapiens laforin numbering), and their functional roles confirmed by site-directed mutagenesis [43, 45, 54] . These three residues correspond with Trp543, Lys578 and Trp590 (Aspergillus niger GH15 glucoamylase numbering) [22] , forming the starch-binding site 1 of amylolytic enzymes [1] . Mutations of the three crucial residues decreased the CBM20 stability and decreased the glucan phosphatase activity of laforin [45] . Apart from a few exceptions, the above-mentioned residues are conserved in all CBM20s from the studied sample of laforin sequences, both experimentally confirmed laforin and its putative orthologues (Fig. 2) .
In the three copies of CBM20 from Guillardia theta laforin [63] , the second tryptophan is replaced by an aromatic phenylalanine residue in the CBM20 that directly precedes the catalytic DSP, whereas it is replaced by a tyrosine or is absent in the two additional CBM20 copies (Fig. 2) . Additionally, the very N-terminal CBM20 lacks the first tryptophan. The putative laforin from Stylonychia lemnae [66] Fig. 1 . Domain arrangement of human laforin and its representative orthologues. Homo sapiens, Trichinella spiralis and Toxoplasma gondii represent vertebrates, parasitic nematodes and parasitic coccidia, respectively. The non-catalytic CBM20 is in green, whereas the proceeding catalytic DSP is in yellow. The order of the individual CBM20s is numbered from the CBM20 that directly precedes the catalytic DSP (without a number), towards the N-terminus. The CBM20 of laforin from the group of parasitic coccidia, represented by Toxoplasma gondii, contains two amino acid inserts.
DSP contains both tryptophans and the lysine, but the potential additional CBM20 seems to consist of only relics of an extant CBM20 (Fig. 2) . The laforin from Tetrahymena thermophila [47] is another unique example possessing two CBM20 copies because the copy directly preceding the DSP has a tyrosine in the position corresponding with the Trp32 of human laforin and the two remaining crucial residues, Lys87 and Trp99, are replaced by threonine and isoleucine, respectively, whereas the N-terminal CBM20 possesses all three invariantly conserved residues (Fig. 2) . Alternatively, the putative laforin from Oxytrichia trifallax
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CRRSLPSSASFSSCTSSGSAVAATKCVWDAAAYKVATRAPEVQAVLESHPLRHCAFEYKFVLWYPPNGETAVPYVPTTAGEEVPITYAGDSEVLDEEGEGGARSRSWRKWLFPPSPSRCPAPPGPSESIVWEGFGPDSNRKFCFD-PFDVVVDVNELGNLECLYIC_312 F0VEV9_Neospora_caninum SRTSFSCASSSSFSCTSTAAVAATKGVWDAAAYRVATRAPDVQAVLERHPLRHCTFEYKFVLWYPPNGETAVPYVPATAGEQEPATYAGDSEVLDKEEEGRESTRSWRKWLFPPSPSRCPSSPGPSESVVWEGFGPDSNRKFCFD-PFDVVVDVNELGNLECLYIC_312 S8F2K7_Toxoplasma_gondii FRRSLPSSASFSSCTSSGSAVAATKCVWDAAAYRVATRAPEVQAVLESHPLRHCAFEYKFVLWYPPNGEIAVPYVPTTAGEEVPITYAGDSEVLNEESEGGARRRSWRKWLFPPSPSRCPAPPGPSESIVWEGFGPDSNRKFCFD-PFDVVVDVNELGDLECLYIC_312 1 1 Fig. 2 . Amino acid sequence alignment of CBM20s from human laforin and its taxonomically different orthologues. The CBM20 positions involved in starch-binding sites 1 and 2 [1, 22, 45] are signified by numbers '1' and '2,' respectively, below the alignment. The individual residues are coloured as follows: Trp -yellow; Phe, Tyr -red; His -brown; Lys, Arg -cyan; Val, Leu, Ile -blue; Asp, Glu -green; Asp, Gln -dark yellow; Cys -magenta; Met -purple; Ala, Ser, Thr -gray; Gly, Pro -black. The green and red lanes above the alignment discriminate the borders of CBM20 segments (green) from two inserts (red) present in sequences from parasitic coccidia. For details concerning the studied sequences and their colouring scheme, please see Table 1 . The individual laforins are marked by the binomial name of the organism preceded by the accession number from the UniProt database (except for the cnidarian Exaiptasia pallida preceded by the GenBank accession number). If there are more CBM20 copies in a single laforin sequence, there are digits '1' and eventually '2' following the accession number from the database. The order of the individual CBM20s is numbered from the CBM20, which directly precedes the catalytic DSP (without a number), towards the N-terminus.
tryptophan was replaced by a phenylalanine in four cases and by a non-aromatic residue in two cases (Fig. 2) . In addition, a few more residues were aligned and found conserved, such as Phe5, Tyr86 and Phe88 (Homo sapiens laforin numbering), mutations of which also result in the onset of LD [45] . While both Tyr86 and Phe88 were conserved almost invariantly, the position of Phe5 was found as promiscuous in CBM20s of some representatives of the genus Eimeria and in the CBM20 copies preceding the DSP domain of Paramecium and Tetrahymena (Fig. 2) . It is of interest that two glycines -Gly24 and Gly30 (Homo sapiens laforin numbering) were also well conserved. Thus, the former was conserved totally and the latter was absent only in the N-terminus and rather incomplete CBM20 copy of the laforin from Stylonychia lemnae, that is, in the copy, which may represent only some relic of a real CBM20 (Fig. 2) . The parasitic coccidia CBM20 sequences all contain unusual inserts (Fig. 2) . Some of these coccidian putative laforin orthologues represented by the genus Eimeria [68] were exceptionally long consisting of more than 1000 residues; both CBM20 and DSP being located in the C-terminal part of the sequence. With regard to the two inserts, the first one is longer and located between the functionally important Trp60 and Lys87, whereas the second one is shorter and is positioned between the Lys87 and Trp99 (Homo sapiens laforin numbering). Both CBM20 inserts of the members of the family Sarcocystidae -Toxoplasma gondii, Hammondia hommondi and Neospora caninum are longer (~123 and~57 residues) than those of the genus Eimeria (~80 and~57 residues).
To investigate a potential role of the inserts, their structure was modelled using Phyre2 [55] allowing the server to choose the best templates. The template for the second insert was the structure of human laforin (PDB code: 4RKK; [45] ), in particular the N-terminal part of its CBM20 -Pro11-Pro57. However, there was no counterpart tryptophan for Trp32 from human laforin in the second insert of Toxoplasma gondii and the model covered only a small part of the insert. We conclude that (a) a part of CBM20 could have been duplicated during evolution in the CBM20 of Toxoplasma gondii laforin; or (b) it could be an intron not spliced during evolution. Of all parasitic coccidian laforin orthologues studied here, the same should be applicable for CBM20 domains of putative laforin orthologues from both Hammondia hammondi and Neospora caninum containing the two inserts comparable with the Toxoplasma gondii laforin CBM20. Conversely, putative Eimeria laforin orthologues lack this insert (Fig. 2) .
Evolutionary relationships of CBM20s from laforin orthologues
Previous in silico and experimental studies demonstrated that the laforin gene is found in the primitive red algae Cyanidioschyzon merolae and it is present in all vertebrates, but lacking in most non-vertebrates (e.g. yeast, fly and worm) [47] [48] [49] . Thus, the laforin gene was proposed to be an ancient gene and had undergone a unique evolutionary history. The overall evolutionary relationships of all CBM20s from the sample of laforin orthologues collected in the present study can be seen in the evolutionary tree (Fig. 3A) . Four main groups or clusters can be recognized in the tree: (a) typical laforin orthologues from vertebrates including also some non-vertebrates from basal metazoans; (b) putative laforin orthologues from parasitic nematodes; (c) putative laforin orthologues from parasitic coccidia and (d) laforin orthologues from protozoans and algae having more than one CBM20 copy.
The first part of the evolutionary tree covers the CBM20 sequences of typical laforin orthologues from Homo sapiens as well as other representatives of vertebrates (birds, reptiles, fishes and amphibians). The clustering of these sequences reflects their high degree of mutual sequence similarities. This portion also contains the CBM20 of laforin from the lancelet Branchiostoma floridae, a chordate closely related to vertebrates [69] . More distantly related to vertebrates are the basal metazoans sea anemones (Exaiptasisa pallida and Nematostella vectensis) and the alveolate (Vitrella brasicoformis) and their putative laforin CBM20 clusters in this region (Fig. 3A) .
Interestingly, the CBM20 sequences from newly recognized putative laforin orthologues from parasitic nematodes from the genus Trichinella share the common branch with those from parasitic coccidians (Fig. 3A) . The clustering of these two groups together may reflect the fact that these organisms represent the intracellular parasites of animals.
While the CBM20s of putative laforin orthologues from parasitic nematodes are very closely related to each other, in the part of the tree covering the CBM20s of putative laforin orthologues from parasitic coccidia there are two separated clusters. One contains members of the genus Eimeria, that is, parasites attacking poultry and cattle [67] , and the other one comprising three coccidians (Toxoplasma gondii, Hammondia hammondi and Neospora caninum) that infect domestic cats and dogs as their ultimate host [70] . It is worth mentioning, however, that taxonomy was not the only reason for separating the two branches of parasitic coccidia in the tree. The two groups, that is, members of the genus Eimeria and the remaining CBM20s differ from each other also by the length of the two inserts, which are shorter in the case of CBM20 sequences of putative laforin orthologues from the genus Eimeria than they are in those of their counterparts from the three remaining coccidians (Fig. 2) .
The last part of the evolutionary tree is occupied by sequences of CBM20s that exists in laforin orthologues from algae and various protists in more than one copy (Table 1) . Although there is no totally unambiguous trend in clustering, a subgroup of CBM20s that directly precede the catalytic DSP can be seen as well as the subgroup of CBM20s preceding the other CBM20 copy (Fig. 3A) . Within both subgroups, it was also possible to trace the taxonomy, for example, the representatives of Stylonychia lemnae and Oxytrichia trifallax as the members of the ciliate protozoan class Spirotrichea. In other cases, especially if there were three CBM20 copies, corresponding position of the CBM20 copy in the entire protein sequence was reflected regardless of taxonomy, such as in the case of the middle CBM20 of laforin orthologues from Chondrus crispus and Guillardia theta (Fig. 3A) .
To gain more insights into laforin evolution, we also analysed the laforin DSP domains. We generated the corresponding evolutionary tree based on DSPs from the sample of laforin orthologues collected in the present study (Fig. 3B) . This tree could thus shed some light on whether or not the CBM20-DSP fusions observed in laforins are the result of a single evolutionary event. The same main four groups (or clusters) of laforin orthologues are observed for the DSP domain as was observed for the CBM20 tree -that is, typical metazoans, parasitic nematodes, parasitic coccidia, and protozoans and algae (Fig. 3) . The main difference between the trees concerns the grouping of the representatives of protozoa and algae. In the CBM20 tree (Fig. 3A) , they are positioned separately from the remaining three main groups mentioned above, whereas in the DSP tree, they are clustered adjacent to representatives of parasitic nematodes (Fig. 3B) . This 'protozoans/algae' group covers the organisms, whose laforins obviously contain two or three CBM20 copies (Table 1) . It is worth mentioning that not all of these 'multiple' CBM20 copies are necessarily functional and able to bind a-glucans. For instance, those from Tetrahymena thermophila and Oxytrichia trifallax lack some of the residues (Trp32 and Lys87; Homo sapiens laforin numbering) identified as responsible for binding (Fig. 2) . Moreover, it is unlikely that the CBM20 copies from the two ciliophoran laforin sequences that positionally correspond to each other possess similar binding ability. Fig. 3 . Evolutionary tree of (A) laforin CBM20s and (B) laforin DSP domains. The trees are based on the alignment of all laforin CBM20 and DSP sequences from Figure 2 and Table 1 .
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While the CBM20 and DSP domain trees share a number of similarities, it is also possible that the two domains might have evolved differently. It has been documented for CBM20s from the GH13, GH14 and GH15 amylolytic families that the CBM20 evolution more closely reflects species evolution rather than evolution of enzyme specificities (i.e. catalytic domain) [2, 3] .
Based on the above data and those previously published, it is likely that there was only a single fusion event between a CBM20 and a DSP resulting in laforin. Subsequently, there were CBM20 multiplication events yielding a DSP domain fused with multiple CBM20s as observed in some representatives of protozoa and algae.
Conclusion
This study defines the unique evolution of the laforin CBM20. Previous work stated that laforin orthologues are absent in most non-vertebrate organisms, such as yeast, flies and worms. However, the present in silico analysis extends the spectrum of organisms possessing a putative laforin to a group of parasitic nematodes represented by the genus Trichinella. In addition, it also reveals that the CBM20 is interrupted by two sequence inserts in putative laforin orthologues from the group of parasitic coccidia and that there are multiple CBM20 copies in laforin orthologues of some protozoa and algae including the unicellular Cyanidioschyzon merolae.
